Chromosome alignment and segregation are performed by the microtubule-based structure called the spindle. The primary attachment site for spindle microtubules on chromosomes is the kinetochore, a discrete structure associated with the centromeric heterochromatin of each sister chromatid. Kinetochores can interact with microtubule sidewalls, but the insertion of microtubule ends into the kinetochore marks a mature interaction. Kinetochores in animal cells bind multiple microtubules (w25 in human cells), and microtubule marking experiments in the late 1980s demonstrated that chromosomes in cultured cells move poleward as their associated spindle microtubules shorten through loss of tubulin subunits from their attached kinetochore ends [1] . Those data were interpreted to suggest that microtubules bound to a kinetochore behaved in a cohesive and coordinated fashion. When chromosomes move poleward all microtubules bound to the leading kinetochore lost tubulin subunits. Surprising new data, reported recently in Current Biology [2] , call that interpretation into question by showing that the conduct of microtubules attached to kinetochores is uncoordinated.
Microtubules are dynamic polymers that elongate and shrink by addition and loss of tubulin subunits (ab heterodimers) from their ends. Tubulin subunits associate in a head-to-tail fashion to build protofilaments that associate laterally to form the cylindrical microtubule. When studied under controlled in vitro conditions, disassembling microtubules display curved or curled ends as tubulin subunits peel back from the microtubule end before dissociating. Assembling microtubules display blunt ends or ends that are transiently flat sheets prior to rolling into a cylinder. Thus, morphological differences can be used to distinguish between microtubules that are assembling or disassembling [3] .
It was against that backdrop that McEwen and colleagues [2] used computerized electron tomography to examine the morphology of microtubule ends bound to kinetochores during mitosis. Tomography compiles multiple images of the same object to construct a threedimensional view of the object [4] . The increased contrast that tomography provides, compared to conventional electron microscopy, made it possible to visualize microtubule end morphology in kinetochores in cells. When the microtubule ends observed with this technique in metaphase cells were categorized according to morphological criteria (blunt versus curled), the startling result emerged that roughly two-thirds of kinetochore-bound microtubules had a curled conformation at the time the cells were fixed.
To rule out technical artifacts, McEwen and colleagues [2] used two different methods of fixation and observed similar distributions in microtubule end morphology. Also, they observed a predictable shift in microtubule end morphology when mitotic cells were treated with microtubule targeting drugs. Kinetochore-bound microtubule ends became predominantly curled in nocodazole-treated cells and predominantly blunt in taxol-treated cells. Thus, assuming that the microtubule end morphology observed in kinetochores in vivo reflects the properties of microtubule ends previously documented in vitro, these data indicate that at any given time, the ends of most kinetochore microtubules are in a state of disassembly.
McEwen and colleagues [2] then focused their attention on the morphology of microtubule ends within individual kinetochores. They observed only one kinetochore that was occupied by microtubules with exclusively blunt morphology and one kinetochore occupied by microtubules with exclusively curled morphology. All other kinetochores (eight) contained a mixture of microtubule end morphologies. Thus, individual kinetochores contain both assembling and disassembling microtubules, although a slight bimodal distribution in the percentage of microtubule ends with curled morphology suggests that kinetochores prefer either most or just a few microtubules disassembling at any time. Also, in a few cases, sister kinetochores could be examined and there was little coordination in the microtubule end morphology between sister kinetochores. Importantly, these trends were observed in both mammalian PtK1 cells and Drosophila S2 cells, demonstrating the generality of this phenomenon.
These observations run counter to conventional models that assumed all kinetochore microtubules act coordinately during chromosome movement ( Figure 1A) , and indicate that kinetochore microtubules are not well coordinated ( Figure 1B) . To explain these observations McEwen and colleagues [2] suggest that microtubule ends can continuously switch between states of assembly and disassembly while remaining within the confines of the kinetochore. Thus, at any given time, both assembling and disassembling microtubules are observed in kinetochores. In this scenario, kinetochores do not act deterministically on microtubule ends: instead, they influence the probability with which microtubules switch from assembly to disassembly and vice versa. For example, during poleward chromosome movement, the leading kinetochore is in a state that increases the probability that microtubules will switch into disassembly. In that situation, as was observed in anaphase kinetochores, most kinetochoreassociated microtubules are disassembling, although some assembling microtubules can transiently exist.
This view fits the bimodal distribution seen in the percentages of microtubules displaying the curled end morphology, and explains the previous observation that tubulin subunits can be incorporated into kinetochore microtubules even during early anaphase [5] . A key element of this new view is that microtubule elongation and shortening can be five-fold faster than the rate of chromosome movement [6] . Thus, as chromosomes plod toward the pole, the microtubules in the leading kinetochore can rapidly switch between assembly and disassembly while remaining ensnared by the kinetochore.
The preponderance of microtubules in the curled, presumably, disassembling morphology further suggests that kinetochores retard the dissociation of disassembling microtubules from the kinetochore. This point is critical for several reasons arising from the importance of microtubule dissociation from kinetochores. First, in somatic cells, chromosome segregation in anaphase is driven predominantly by the disassembly of microtubule ends bound to kinetochores; thus, kinetochores must have mechanisms to maintain tight attachment to the depolymerizing microtubule ends to prevent detachment from the spindle that would result in chromosome mis-segregation. Second, it explains why kinetochore microtubules are stable to external perturbations (cold, calcium, and so on) and exhibit significantly slower tubulin subunit turnover kinetics relative to non-kinetochore microtubules [7] . And third, microtubule dissociation from kinetochores is essential to correct errors in chromosome attachment to the spindle, but a careful balance must be struck between attachment and detachment for optimal mitotic fidelity [8] . Images of kinetochore microtubules with bent ends provide a provocative suggestion for how kinetochores may prevent disassembling microtubules from dissociating. Unquestionably, this work underscores the importance of determining how kinetochores attach to microtubules and how kinetochores retard detachment of microtubules.
These data add to a growing evidence that kinetochores in animal cells which appear as cohesive units when viewed by electron microscopy actually represent independently acting microtubule binding sites that are loosely grouped together ( Figure 1B ). This idea is not new to scientists studying the holocentric chromosomes in Caenorhabditis elegans, but has been slow to take root with investigators studying mitosis in other organisms. Nevertheless, previous data showed that mammalian kinetochores break up into apparently repetitive units when chromosomes are dispersed by hypotonic treatment [9] . Such kinetochore fragments retain microtubule binding and force generating activities, demonstrating that the repetitive units are functional [10] .
In this context, one may ask if a single microtubule attachment is sufficient for chromosome movement? Recent data show that force from the disassembly of a single microtubule may be sufficient to drive chromosome movement [11] , and it is well documented that kinetochores in budding yeast rely on just one microtubule attachment for segregation [12] . In mammalian cells, it has been shown that initial poleward chromosome movement can occur along the sidewall of a single microtubule [13] , and one kinetochore microtubule can direct chromosome alignment to the metaphase plate [14] . Thus, it seems that a single microtubule may be sufficient for chromosome movement. However, when 20-30 microtubules are attached to a mammalian kinetochore, it remains unclear how many disassembling microtubule ends are engaged in force generation at any given moment and how the microtubule binding sites are linked to one another.
